This work is an attempt to model the 4n response function of a recent RIKEN experimental study of the double charge exchange 4 He( 8 He, 8 Be) 4 n reaction in order to put in evidence an eventual enhancement mechanism of the zero energy cross section, including a near-threshold resonance. This resonance can indeed be reproduced only by adding to the standard nuclear Hamiltonian an unphysically large T=3/2 attractive 3n-force which destroys the neighboring nuclear chart. No other mechanisms like cusps or related structures were found.
§1. Introduction
In a recent experiment at RIKEN 1), 2) it was suggested that the existence of a resonant tetraneutron (4n) state could explain the sharp structure observed in the 4 He( 8 He, 8 Be)4n reaction cross section near the 4n threshold. They reported E R = 0.86 ± 0.65 ± 1.25 MeV and Γ < 2.5 MeV.
A subsequent theoretical analysis by the same authors 3) of the present work, showed the difficulty to accommodate such near-threshold resonance of the 4n system without dramatically disturbing the well established neighboring nuclear chart. It was however pointed out in 3) that some reaction mechanism, being able to produce an enhancement of the cross section at small energy, should be investigated. It is indeed well known that without presence of S-matrix poles there exist other possibilities to generate sharp structures in a reaction cross section.
4)
The dineutron-dineutron correlation has sometimes been invoked as a possible enhancement mechanism, due to the large value of the scattering length. 5), 6) However previous calculations 7) -9) indicated that the interaction between two (artificially bound) di-neutron was repulsive and so the probability to find four neutrons at the same point of the phase space is very weak. A similar conclusion was reached in the framework of the Effective Field Theories (EFT) for a more general case of fermionic systems close to the unitary limit.
10), 11)
Their conclusions are model independent and rely only in the fact that the fermion-fermion scattering length is much larger than the interaction range, which is the case of the neutronneutron system. In view of these results, and contrary to some theoretical claims, it seems very unlikely that the tetraneutron system could manifest a nearthreshold resonant state.
The aim of this short note is to investigate a particular reaction mechanism, which can model the double charge exchange reaction and kinematics involved at the RIKEN experiment and could generate any nearthreshold structure in the cross section.
This reaction mechanism is based on factorizing the transition amplitude into an spectator smooth part and a term involving the charge exchange between the initial ( 4 He) and final (4n) states, which could be responsible for sharp structure either due to a cusp or to a presence of a resonance. The same mechanism, though with different dynamical contents in the initial and final states, was used in the numerical simulation underlying the analysis of RIKEN result 1), 2) and can be of some help as a guide for ongoing or future experiments.
We will detail in the next Section the reaction mechanism we have considered to model the RIKEN experiment. The formalism allowing us to access to the response function, as well as the computational method we have used to obtain the solution of the four-body Hamiltonian, will be sketched in Section 3. Section 4 will be devoted to present our results and we will present our conclusions in a last Section. §2. Reaction mechanism
The experiment held by Kisamori et One possibility could be E 0 or σ i .σ j operators. However the effect of these operators would be strongly suppressed by the spatial orthogonality between the 4 He and 4 n wave functions.
This follows from the shell model representation of 4 He and 4 n wave functions with s-wave protons replaced by p-wave neutrons. Furthermore the σ i .σ j term implies correlated doublecharge exchange, but since exchange of the nucleons takes very short time uncorrelated process is expected to dominate. The simplest operator allowing such a transition might be represented as a double spin-dipole term:
In the last expression τ − i isospin reduction operators are added which enable charge exchange, i.e. replace a proton by neutron.
Once fixed the transition operator we are interested in evaluating the response (or strength) function, given by
where Ψ 0 represents the ground state wave function of the 4 He nucleus, with ground-state energy E 0 , and Ψ ν represents the wave function of the 4 n system in the continuum with an energy E ν . Both wave functions are solutions of the four-nucleon Hamiltonian H. The energy is measured from some standard value, e.g. a particle-decay threshold energy.
The Strength function (2 . 4) may be rewritten in terms of the forward propagator
in the following form
in which the summation over the final states is avoided.
The later expression can still be transformed into
that is, as a matrix element of the of the (conjugate) transition operator between the initial state Ψ 0 and the the outgoing collision wave-functionΦ 0 (E), defined as
Naturally, this wave function is a solution of the inhomogeneous equation To this aim we have considered the four-body Hamiltonian H in configuration space and applied to each of the internal Jacobi coordinates -denoted generically by X -a complex rotation with angle θ, that is a mapping
The four-body Hamiltonian is transformed accordingly, as well as the corresponding Schrödinger equation
By doing so, and according to the so-called ABC theorem, 12), 13) the resonant poles areup to numerical inaccuracies -independent of the parameter θ and are isolated from the discretized non-resonant continuum spectrum, provided some restrictions on the rotation angle are satisfied. Let see see how the complex scaling method might be used to evaluate matrix element in (2 . 6). To this aim one must just apply the complex scaled expressions to both sides of the equation (2 . 8), which become
The complex-scaled bound state wave function Ψ θ 0 is obtained by solving a bound state problem with the complex-scaled Hamiltonian
and it finally remains to compute the integral expression
3)
The solutions of the four-body equations (3 . 1) and (3 . 2) have been obtained by using two different approaches: the Faddeev-Yakubovsky equations in configuration space and a variational Gaussian expansion method. The details of this calculations and the numerical methods used can be found in Ref.
3). §4. Results
The nuclear Hamiltonian considered in our recent work 3) consists in the Argonne AV8'
two-neutron interaction 19) plus three-nucleon forces in both T=1/2 and T=3/2 total isospin channels. The two-body and the T=1/2 three-body parts were fixed in a previous work 20) in order to reproduce some selected A=3 and A=4 phenomenology and since, have been kept unchanged. The only part of the Hamiltonian that was tuned in order to accommodate a 4n resonant state, was the T=3/2 three-nucleon force. The latter was chosen to have the same form than for the T=1/2 case, that is a sum of two (attractive and repulsive) Gaussian terms:
where P ijk (T ) is a projection operator on the total three-nucleon isospin T state.
The parameters of this force are the following:
They are all the same than for the T=1/2 except for the attractive term W 1 (T = 3/2) which is considered as a free parameter, the only one in our calculations. The model space of our calculations was also identical to one used in a previous study.
3) Namely for FY equations partial-wave basis has been limited to angular momenta max(l, L, λ) ≤ 7, providing total of 1541 partial amplitudes. Furthermore 25 3 Lagrange-mesh points were used to describe radial dependence of Faddeev-Yakubovsky components, resulting into linear-algebra problem of 2.4 × 10 7 equations. Such a large basis size ensured accurate results, which can be traced by comparing FY calculation with Gaussian expansion method in Table I . Even for a very shallow tetraneutron state of ∼1 MeV difference in calculated binding energy was less than 20 keV, whereas expectation values differed by less than 1%. In the case of Gaussian Expansion Method, to obtain the converged energies, we included angular momenta max(l, L, λ) ≤ 2 and 14000 antisymmetrized four-body basis function.
Our strategy to investigate the 4n resonant states was quite simple: keeping unchanged the best established part of the nuclear forces (two-body and T=1/2 three-body terms), we have first determined the strength of the three-nucleon force in the T=3/2 channel which is required to reproduce the resonance parameters given in Ref. 1 ) and see then the consequences of such a state in the nuclear chart. In a first step, the critical W 1 (T = 3/2) strength value at which the 4n system is bound by E = −1.07 MeV, the lowest bound compatible with the experimental values given in Ref. 2. The remarkably large value of the T=3/2 strength parameter in the three-nucleon potential is not understandable in terms of isospin symmetry of nuclear force, which is quite accurately observed in phenomenology. It also contradicts the QCD inspired EFT models which found the T=3/2 contribution of three-nucleon force to be of subleading order with respect to the T=1/2 ones. 24) Any value of | W 1 (T = 3/2) | larger than MeV, at which strength the 4n system already correspond to a resonant state with E R ∼ 6 MeV and Γ ≈ 7 MeV. Still W 1 (T = 3/2) ∼ −20 MeV is an unphysical strength: even by taking half of it, the n-3 H elastic cross section, displayed in Fig. 2 , would be in strong disagreement with the experimental data.
All the above discussed results led us to the conclusion that the existence of a 4n bound or low energy narrow resonant state is not compatible with the well established facts of nuclear physics. A similar conclusion is reached in a recent work 25) using totally different interactions and techniques based on No-Core Gamow Shell Model which takes properly into account the continuum.
Tetraneutron resonances certainly exists, even with pure nucleon-nucleons forces, and we have computed them in a series of works. They are however very far from the physical regions and cannot manifest in a scattering experiment: any enhancement of the reaction cross section involving 4n in the final state should have an alternative dynamical explanation.
We will examine in what follows whether or not the reaction mechanism described in the previous section is able to produce any non resonant enhancement in the cross sections, as well as the consequences that an eventual resonance could have on it. The results are displayed in Fig. 3 . (Color online) Response function for tetraneutron production from α particle due to double-dipole charge exchange operator.
The black curve corresponds to the nuclear Hamiltonian, based on isospin independent three nucleon force. In this case, the response function is flat without any near-threshold sharp structure.
By increasing the attractive part of the T=3/2 contribution, a resonant peak appears.
For W 1 (T = 3/2) = −18 MeV (blue curve), still far from the values compatible with the RIKEN result, the underlying structure is already visible, although quite broad. It becomes sharper and sharper by further increasing the attraction and moving the resonant pole close to the threshold.
For W 1 (T = 3/2) = −30 MeV (green curve), the tetraneutron resonance parameter -as given by figure 1 -are E R = 2.8 MeV and Γ = 0.7 MeV. In the vicinity of this value the corresponding response function takes the usual Breit-Wigner form.
When further increasing the attraction the resonance becomes a bound state (orange curve, corresponding to W 1 (T = 3/2) = −36 MeV ). The response function, which has a pole at negative energy, displays also some pronounced structure at positive energies although with reduced strength. Table I . Two-and three-body contribution to the potential energy of the 4n system in a J π = 0 + state as a function of W 1 (T = 3/2) (all units are in MeV). Results denoted by 4 n' correspond to the bound state approximation and 4 n to the continuum resonant states. The results are compared with the 4 He ground and first excited state with the physical strength W 1 (T = 1/2) = −2.04. The T=3/2 contribution in 4n required to accommodate a resonant state is more than one order of magnitude larger than the T=1/2 (see rightest column).
We would like to emphasize that the results we have presented are essentially independent of the nuclear Hamiltonian and the mechanism considered to artificially produce the 4n bound or resonant state. Several two-and three-and even four-nucleon interactions have been indeed examined in previous calculations 3), 7), 8) and led to very similar results.
The underlying reason is that, when any ad-hoc mechanism is considered to enhance the 4n attraction in order to accommodate a resonant state, this state is in fact, essentially supported by the artificial binding mechanism adjusted to this aim: the details of the remaining nucleon-nucleon interaction are residual.
This fact is illustrated in Table I where we have compared the contributions of the twoand three-nucleon force (averaged values of the corresponding potential energies) both for the 4 He and the 4n system, for several values of the strength parameter W 1 (T ). As one can see from the results of this Table the V 2n and V 3n , the contributions to the 4 n state in the resonance region are of the same order and its ratio (the rightest column) remains in any case more than one order of magnitude larger than for the T=1/2 case in 4 He, the contrary of one could expect from physical arguments.
As it was pointed out in the Introduction the dineutron-dineutron interaction is repulsive. This repulsion relies on very general arguments and any attempt to bring together four neutrons on a nearthreshold narrow state can only come from an artificially ad-hoc extrabinding. §5. Conclusion
Inside the simplistic reaction mechanism we have considered in this paper, we are not able to generate an increasing of the cross section at the origin other than by accommodating a sharp 4n resonance. No other possibilities like cusp or related structures could have been exhibited.
We have found in our previous work 3) that the existence of such a resonance is hardly compatible with the well established properties of nuclear interactions and experimental data on neutron rich nuclei. This is in agreement with the findings of Ref. 25) . Its is worth noticing, however, that opposite conclusions have been reached in recent calculations.
21), 23)
We believe that the reason for such a striking difference is not the neutron-neutron interaction but rather the approximate methods they use to deal with the 4n continuum. and at J-PARC 27) on 4 He(π − , π + ) 4 n. We hope they will be decisive to clarify such a challenging problem.
